Type III protein secretion machines have evolved to deliver bacterially encoded effector proteins into eukaryotic cells. Although electron microscopy has provided a detailed view of these machines in isolation or fixed samples, little is known about their organization in live bacteria. Here we report the visualization and characterization of the Salmonella type III secretion machine in live bacteria by 2D and 3D single-molecule switching superresolution microscopy. This approach provided access to transient components of this machine, which previously could not be analyzed. We determined the subcellular distribution of individual machines, the stoichiometry of the different components of this machine in situ, and the spatial distribution of the substrates of this machine before secretion. Furthermore, by visualizing this machine in Salmonella mutants we obtained major insights into the machine's assembly. This study bridges a major resolution gap in the visualization of this nanomachine and may serve as a paradigm for the examination of other bacterially encoded molecular machines.
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bacterial nanomachines | protein secretion | superresolution microscopy | bacterial pathogenesis | Salmonella virulence T ype III secretion systems are remarkable molecular machines with the capacity to inject multiple bacterial proteins into eukaryotic cells (1, 2) . These machines play an essential role in the pathogenic or symbiotic relationships between the bacteria that encode them and their respective hosts. Consequently, type III secretion systems are rapidly emerging as targets for the development of novel therapeutic and prevention strategies with the potential to combat several important infectious diseases (3) (4) (5) . The components of type III secretion machines are highly conserved across bacterial species although the effector proteins that they deliver are customized for the specific bacteria that harbor them (1, 6, 7) . The entire type III secretion machine or injectisome is ∼40 nm in width and ∼150 nm in length and is organized in defined substructures (Fig. 1A) . The bestcharacterized substructure is the needle complex, which is a multi-ring cylindrical structure embedded in the bacterial envelope with a needle-like extension that projects several nanometers from the bacterial surface. The needle complex is traversed by a narrow channel that serves as the conduit for the proteins that travel this secretion pathway (8) . The needle is capped at its end by the tip complex, which is thought to coordinate the activation of the secretion machine upon contact with target cells (9, 10) . Because the needle complex can be isolated in a manner suitable for single-particle cryo-electron microscopy, its organization at the quasi-atomic level is known (11) (12) (13) (14) (15) (16) (17) (18) . Passage of the secreted proteins through the inner membrane requires the export apparatus, which is composed of a group of poly-topic inner membrane proteins located at the center of the needle complex base (19) . Finally, several cytoplasmic proteins form a large complex known as the sorting platform that is involved in selecting and sorting the proteins that are destined to travel the type III secretion pathway (20, 21) . Because the sorting platform dissociates from the needle complex during isolation, its organization and structure are not as well understood (22) (23) (24) . Recent cryo-electron tomography studies have provided unique insight into the molecular architecture of the sorting platform although the precise stoichiometry of some of its components is not known (25, 26) . Although emphasis has been placed on obtaining the highest possible resolution view of the type III secretion machine and its components, there are important questions that require visualization of individual machines in the context of the entire live bacterium. Attempts have been made to study the organization of the type III secretion system in live bacteria using fluorescently tagged components (27, 28) . However, due to the small size of the injectisome, previous approaches have not successfully resolved individual machines within the bacterial cell and therefore have not been able to address critical questions that require this higher level of resolution. The development of superresolution imaging techniques has made possible the visualization of subcellular structures at an unprecedented level of resolution (29, 30) . Here we have used 2D (31) and 3D (32) single-molecule switching nanoscopy (SMSN) to visualize the different structural elements of the type III secretion system in live bacteria, providing major insight into the assembly and function of this bacterial nanomachine.
Results and Discussion
Visualization of the S. Typhimurium Type III Secretion Needle
Complex by Superresolution Microscopy. To visualize the needle complex of the type III secretion injectisome of Salmonella enterica serovar Typhimurium (S. Typhimurium) (8) by SMSN, we first constructed a strain expressing PrgH, a component of its inner ring (18) (Fig. 1A and SI Appendix, Fig. S1A ), fused at its Significance Type III protein secretion systems are essential virulence factors for many bacterial pathogens. Cryo-electron microscopy has provided important details about the architecture and molecular organization of the type III secretion machine in isolation or in fixed samples. However, little information is available about the organization of the type III secretion machine and its individual substructures in live bacteria. Using 2D and 3D single-molecule switching superresolution microscopy, we have visualized individual type III secretion machines in live bacteria and obtained unique insight into the assembly and function of these machines. These studies bridge a major resolution gap in the visualization of type III secretion machines and may serve as a paradigm for the examination of other bacterially encoded molecular machines.
cytoplasmic amino terminus to the photoactivatable fluorescent protein mEos3.2 (33) . We chose this component because its topological organization, size, and stoichiometry are known, thus allowing the precise calibration of the image analysis algorithms (Fig. 1A and SI Appendix, Fig. S1 ). Furthermore, the imaging of PrgH provided a feasibility test for the experimental approach. We constructed the bacterial strain so that expression of the fusion protein was directed from the appropriate chromosomal context to ensure wild-type levels of expression. Furthermore, we verified that the fusion protein maintained wild-type function, that it was efficiently incorporated into fully assembled needle complexes, and, importantly, that the fluorescent tag was not cleaved from the tagged protein (SI Appendix, Fig. S2 ). We grew the mEos3.2-PrgH-expressing bacteria under conditions that stimulate the expression of the type III secretion system and imaged them by SMSN (32, 34) . Superresolution images of these live bacteria showed the appearance of fluorescent clusters with a diameter of ∼45 nm ( Fig. 1 B-D and SI Appendix, Table S1), a measure that, in the context of the estimated resolution of our microscopy (∼35 nm, SI Appendix, Fig. S1 ), is largely consistent with the actual diameter (∼25 nm) of the inner ring of the needle complex (15) (SI Appendix, Fig. S1A ). To confirm that the mEos3.2-PrgH-associated clusters represented needle complexes, we fluorescently labeled the needle tip protein SipD in the bacterial strain expressing mEos3.2-PrgH and simultaneously imaged the two proteins by two-color SMSN in fixed samples (Fig. 1E) .
We found that the average distance between SipD and the PrgHassociated clusters (∼101 nm) ( Fig. 1F ) was consistent with the expected distance between the tip of the needle and the inner ring of the needle complex (∼100 nm) (16) , which further supports the notion that the PrgH clusters represent fully assembled needle complexes. The broad distribution of the observed distances reflect the fact that the measurements were carried out after 2D imaging and therefore are influenced by the spatial orientation of the type III secretion machines. We also examined the subcellular distribution of the PrgH-associated fluorescence along both the length (x) and width (y) of the bacteria. We found that the vast majority of the observed fluorescent clusters were located at the periphery of the bacterial cells ( Fig. 1 G and H) , which is consistent with the membrane localization of the needle complex. Although conventional 3D nanoscopy techniques achieve very high resolution in the focal (x-y) plane, these approaches are more limited in resolution in the axial (z) direction (35) (36) (37) . Therefore, we applied the recently developed whole-cell 4Pi-SMSN (32), which achieves an isotropic superresolution of 20 nm and below in all three dimensions and therefore can provide more accurate volumetric information about the distribution of the type III secretion machines within bacterial cells. We observed that the PrgH-associated fluorescent clusters were distributed throughout the bacterial periphery with very little signal detected within the bacterial cytoplasm ( Fig. 1 I-K and Movie S1). For reference, we also imaged S. Typhimurium that displayed the fluorescently labeled needle tip protein SipD with 4Pi-SMSN and determined that ∼93% of the PrgH-associated fluorescent clusters were located at the periphery of the bacterial cells (as defined by the SipD staining; SI Appendix, Fig. S3 and Movie S1). Taken together, these observations confirm that the PrgH-associated fluorescent clusters represent assembled needle complexes on the bacterial envelope and that the imaging approach can resolve single type III secretion injectisomes.
Distribution of the Type III Secretion Machines in Live Bacteria. It is often the case that bacterial nanomachines are assembled at specific sites within the bacterial envelope (38) (39) (40) . For example, some bacteria deploy their flagellar or type IV protein secretion machines at their poles, and many bacteria deploy components of their cell division machine at the midplate (41) (42) (43) . Although needle complexes can be visualized by electron microscopy at the bacterial envelope (8) , this approach is not amenable for a comprehensive analysis of the distribution of the type III secretion machines throughout the bacterial cell, nor can it easily provide an accurate measure of the number of machines present in each bacterium. The ability to visualize individual needle complexes in many live bacteria allowed us to determine their distribution within the bacterial body and to obtain an estimate of the number of type III secretion machines present in S. Typhimurium. Analysis of the PrgH-associated clusters indicated that the needle complexes are randomly distributed throughout the bacterial envelope ( Fig. 1 C and (Fig. 1L and SI Appendix, Table S1 ). The molecular basis for this cell-to-cell variability is unknown, but the wide distribution suggests the existence of yet undiscovered stochastic regulatory mechanisms controlling the expression of the type III secretion system. The actual number of needle complexes, however, is likely to be higher as some clusters may be away from the focal plane and may escape detection. In addition, cluster detection would require the imaging of a minimum number of photon-switching events (five in our case), and although there are 24 mEos3.2-PrgH molecules in each needle complex that could be potentially imaged, it is likely that some needle complexes may not reach the minimum detection threshold because it has been reported that only 42% of mEos3.2 can be photoactivated to a fluorescently detectable form (44) .
Visualization of the Type III Secretion Sorting Platform. Although the composition and stoichiometry of the needle complex components are known (16, 18, 45) , less information is available regarding the cytoplasmic sorting platform, and the inability to isolate this substructure has hampered efforts to determine its stoichiometry (20) . To gain insights into the sorting platform, we constructed a S. Typhimurium strain that expresses a core component of this substructure, SpaO, tagged with mEos3.2 from its native chromosomal context. We found that the function of the tagged SpaO was indistinguishable from wild type and, importantly, that the chimeric protein was stable, thus ensuring that the fluorescent signal originates only from the tagged protein (SI Appendix, Fig. S2 ). We imaged this strain by SMSN and, similar to PrgH, we found that SpaO appears in clusters with a diameter (∼48 nm) consistent with what would be expected for a fully assembled sorting platform (Fig. 2 A-C and SI Appendix, Table S1 ). To confirm that these clusters represented bona-fide sorting platforms, we examined their colocalization with the fluorescently labeled needle tip protein SipD in fixed samples by two-color SMSN (Fig. 2 D and E) . We found that the average distance between the SipD-and SpaO-associated signals (∼105 nm) (Fig. 2F) was consistent with the predicted distance between the tip of the needle and the cytoplasmic sorting platform (∼110 nm), even though, as discussed above, these 2D measurements are affected by the geometry and spatial orientation of the type III secretion machines. These results therefore indicate that the majority of the SpaO clusters, although not all, represent fully assembled sorting platforms. We examined the number of the SpaO-associated clusters (Fig. 2G and SI Appendix, Table S1 ) and their distribution along the x and y axes ( Fig. 2 H and I) within the bacterial body. We found a higher number of SpaO-associated clusters than those associated with PrgH, suggesting that some SpaO complexes (i.e., either partially or fully assembled sorting platforms) are not associated with needle complexes. Consistent with this hypothesis, a higher number of the SpaO clusters were located away from the bacterial membrane ( Fig. 2 H and I ) than in the case of PrgH. We corroborated this observation by whole-cell 4Pi-SMSN, which showed ∼20% of the SpaO-associated fluorescent clusters within the bacterial cytoplasm (Fig. 2 J-L; SI Appendix, Fig. S3 ; Movie S1). These observations are consistent with previous biochemical data indicating that a significant proportion of SpaO is not associated with the needle complex (20) and suggest that, as previously proposed (20, 28) , this structure might be dynamic.
Stoichiometry of Sorting-Platform Components Determined by
Superresolution Microscopy. In addition to SpaO, four additional proteins, OrgA, OrgB, InvC, and InvI, are thought to form the sorting platform (20) . However, the relative stoichiometry of these components has not been determined due to the inability to isolate this complete substructure. We constructed S. Typhimurium strains encoding functional fusions of each one of the sortingplatform components to mEos3.2, which were placed in the appropriate chromosomal context to ensure wild-type levels of expression (SI Appendix, Fig. S5 ). We also constructed a strain expressing a functional mEos3.2 fusion to the cytoplasmic domain of InvA, a component of the export apparatus (19) (SI Appendix, Fig. S5 ). Superresolution microscopy visualization of the resulting strains showed the presence of OrgA-, OrgB-, InvC-, and InvA-associated clusters that were similar in number, size, and distribution to those observed for SpaO (Fig. 3 A-D and SI Appendix, Table S1 ). No clusters associated with InvI were observed ( Fig. 3 A and B) , which is consistent with data on InvI's flagellar homologs, which are thought to be present in only one copy per flagella (46) . Like SpaO, a number of the OrgA-, OrgB-, and InvC-associated clusters were located away from the bacterial membrane (Fig. 3D) , which is consistent with the presence of a small fraction of fully or partially assembled sorting platforms Table S1 ). Table S1 ).
that are not associated with the needle complex. In contrast, the InvA-associated clusters were all found at the cell periphery (Fig.  3D) , which is consistent with its membrane localization. To estimate the stoichiometry of the sorting-platform components, we performed a simulation that allowed us to correct the observed copy numbers per cluster for photophysical effects and a bias of our cluster-finding algorithm (SI Appendix, Fig. S6 ). Our results suggest that SpaO is present in an approximately stoichiometric relationship with PrgH, whereas OrgA, OrgB, InvC, and InvA are present in substoichiometric amounts (Fig. 3E and SI Appendix,  Fig. S6 and Table S1 ). The inability to observe clusters associated with InvI prevented the determination of its stoichiometry but suggests that this protein must be present in much lower numbers within each sorting platform, which is consistent with previous reports (46) . Taken together, these results have provided the localization and relative stoichiometry of components of the sorting platform and export apparatus in situ in the context of fully assembled injectisomes.
Examination of the Sorting Platform Assembly. To gain insights into the assembly of the sorting platform, we examined by SMSN the effect of mutations in different sorting-platform components on the localization of SpaO, a core component of this injectisome substructure. We found that, in the absence of OrgA or OrgB, the SpaO clusters disappeared and the fluorescent signal became evenly distributed throughout the bacterial cytosol (Fig. 4 A and B and SI Appendix, Table S1 ) even though there was no detectable cleavage of the fusion protein (SI Appendix, Fig. S7 ). In contrast, the absence of InvI and InvC reduced but did not eliminate the formation of mEos3.2-SpaO-associated clusters (Fig. 4 A and B) , although in the case of the ΔinvC mutant a significant proportion of the observed clusters were located away from the cell periphery (Fig. 4C) . These results indicate that OrgA, OrgB, and SpaO are the core components of the sorting platform and must presumably interact with one another to form a stable structure to which InvC and InvI may be later recruited, resulting in the overall stabilization of the fully assembled sorting platform. It has been proposed that the sorting platform associates with the needle complex by interactions with its cytoplasmic inner ring (20) . To explore the role of the needle complex in the assembly of the sorting platform, we examined the localization of SpaO in a S. Typhimurium mutant strain (ΔprgHΔprgIΔprgJΔprgK) that lacks the needle complex substructure. We found that, in the absence of the needle complex, SpaO was no longer organized in peripheral or cytoplasmic clusters (Fig. 4 A and B and SI Appendix, Table S1 ). Instead, SpaO localized in large aggregates at one of the poles of the bacterial cell (Fig. 4A) , an observation corroborated by confocal fluorescence microscopy using GFP instead of mEos3.2 as a fluorescent marker (SI Appendix, Fig. S8 ). These results indicate that an intact needle complex is necessary to coordinate the assembly of the sorting platform and that, in its absence, the sorting-platform components may engage in aberrant interactions leading to their mislocalization to the bacterial poles. We made similar observations in a S. Typhimurium mutant strain (ΔspaPΔspaQΔspaRΔspaS) lacking the export apparatus components ( Fig. 4A and SI Appendix, Fig. S8 ), which results in a drastically reduced number of assembled needle complexes (19) . Taken together, these results indicate that the assembly of the needle complex must precede the assembly of the sorting platform and that SpaO, OrgA, and OrgB are the central components of the sorting platform.
Visualization of Effector Protein Localization in Live Bacteria. Upon activation of the type III secretion machine, presumably after contact with its target cells, protein secretion and translocation are thought to occur very rapidly (47) . Therefore, before secretion, effector proteins are likely to be queued at a privilege site so that they can be rapidly engaged by the secretion machine.
When grown in regular culture medium, type III secretion machines are largely inactive (<10% of the pool of type III secreted protein can be found in the culture supernatant) (48, 49) but poised for activation because they readily translocate proteins into target cells upon infection (47) . We took advantage of this observation to investigate the location of effector proteins within the bacterial cell before secretion. We constructed a strain expressing a fusion of mEos3.2 to SopB, an effector protein known to be among the first to be translocated to target cells (50) . We found that a significant proportion of the fluorescence associated with SopB was arranged in large clusters, which varied in number (Fig. 5A and SI Appendix, Table S1 ). However, unlike the clusters associated with the needle complex and sortingplatform components, which were largely seen at the periphery of the bacteria, the SopB-associated clusters were located within the bacterial cytoplasm, indicating that they are not associated with the fully assembled injectisomes (Fig. 5B) . Consistent with this notion, the arrangement, number, and distribution of the SopB clusters did not change in the absence of the needle complex or the sorting-platform components (Fig. 5 C and D and SI Appendix, Table S1 ). These results indicate that a significant proportion of the effector proteins are arranged in large, mostly immobile, complexes within the bacterial cytoplasm but not in association with the injectisome. Although the functional implications and biochemical organization of these effector proteinassociated clusters remain to be determined, these observations suggest the existence of a subcellular compartment where these proteins await the secretion-activating signal.
Conclusions. We have used 2D and 3D SMSN to visualize the type III secretion machine in live bacteria in S. Typhimurium at an unprecedented level of detail, thus providing major insights into its structure and assembly. The highly conserved nature of this machine indicates that these findings are likely to apply to homologous machines encoded by other important pathogens. Additionally, the detailed knowledge of the organization and molecular composition of some components of the type III protein secretion Table S1 ). (C) Number of SopB-mEos3.2 fluorescent clusters observed in the indicated live bacterial strains. Numbers represent the mean ± SE of a minimum of 543 cells analyzed per bacterial strains (SI Appendix, Table S1 ). (D) Ratio of total SopB-mEos3.2-associated fluorescence visualized in clusters. Numbers are the mean ± SE of the indicated strains. In each case, at least 543 bacteria were analyzed. machine offer a unique biological calibration standard for future quantitative superresolution studies. Therefore, these studies not only may help the development of novel therapeutic strategies to combat important infectious disease but also provide a template for the study of other bacterial nanomachines.
Materials and Methods
S. Typhimurium strains are listed in SI Appendix, Table S1 , and were grown to maximize expression of the type III secretion system (51) . Analysis of type III protein secretion function was carried out as previously described (52) . For SMSN or 4Pi-SMSN, bacteria were placed on agarose pads or on poly-D-lysine-coated glass-bottom microwell dishes, respectively. The 2D and 3D superresolution imaging was performed with a custom-built FPALM system as previously described (31, 32, 34, 53) . Cluster analysis was carried out using a DBSCAN clustering algorithm (54, 55) and a wavelet algorithm (56) as described in SI Appendix, Materials and Methods. The copy number of sortingplatform components was derived from the cluster analysis as detailed in SI Appendix, Materials and Methods. More detailed methods and any associated references are available in SI Appendix, Materials and Methods.
